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INTRODUCTION
A brown seaweed, Saccharina longissima (Laminaria angustata var. longissima) has been consumed in Okinawa for 300 years. It is native to the southernmost part of Japan, in Okinawa, but grows on the Pacific coast (Kushiro and Nemuro) in Hokkaido in the northernmost part of Japan. We previously reported the structural characteristics of a fucoidan from S. longissima. The fucoidan consisted of L-fucose, D-galactose, D-glucose, D-xylose, D-glucuronic acid, and sulfuric acid. The fucoidan was separated into four fractions by anion exchange chromatography. The chemical structure of the main fraction consisted of 1,3-linked α-L-fucopyranosyl residues, substituted with sulfate groups at the C-4 position on the main chain, as shown in Figure 1 [1] .
There have been many reports on biological activities of fucoidan from many brown seaweeds on anti-coagulant [2] , anti-virus [3, 4] , immune-enhancing [5, 6] , anti-tumor [7] [8] [9] , and inducing apoptosis [10] [11] [12] [13] [14] [15] [16] [17] [18] .
Apoptosis is characterized by cell morphology changes including blebbing, shrinkage and nuclear fragmentation that eventually leads to cell death. The apoptotic process plays critical roles in immunity and cancer, and its programming requires caspases mediators. Among the caspases, caspase-3 plays a particularly important role in apoptosis [10,11.] .
The aim of this study is to investigate the effects of a fucoidan isolated from Saccharina longissima on cell proliferation and apoptosis in the U937 human leukemia monocyte lymphoma cell line. 
MATERIALS AND METHODS

Materials
Preparation of fucoidan
Saccharina longissima was purchased from a local market in Naha City, Okinawa, Japan. The algae were washed with tap water, air dried at 40 °C for 48 h, and ground into a powder.
A sample (20 g) of algal powder (20 g) was suspended in distilled water adjusted pH at 3.0 with 0.1 M HCl and stirred at 60 ℃ for 3h to extract the fucoidan. The extract was filtered through Celite 545, the filtrate was neutralized with 0.1 M NaOH, and the fucoidan was precipitated by the addition of two volumes of ethanol. The precipitate was dried in vacuo. The resulting crude fucoidan was dissolved in 0.1M CaCl 2 and passed through Celite 545, The filtrate was dialyzed against water for 24h, the dialysate was precipitated by addition of two volumes of ethanol and the precipitate was dried in vacuo. The resulting semi-purified fucoidan was redissolved in distilled water, 5% cetylpyridinium chloride (CPC) was added to precipitate the fucoidan, and the precipitate was dried in vacou. The fucoidan-CPC complex was dissolved in 3 M NaCl and precipitated with addition of two volumes of ethanol. The precipitate was dissolved in distilled water and dialyzed for 24 against distilled water. The resulting dialysate was passed through Celite 545 and lyophilized.
Chemical procedures
The total carbohydrate and uronic acid content were determined with the phenol-sulfuric acid [19] and carbazol-sulfuric acid [20] methods using L-rhamnose and D-glucuronic acid, respectively, as standards. The purified polysaccharide (70 mg) was dissolved in distilled water (20 mL) and sulfuric acid was added to reach a final concentration of 1.0 M. The mixture was subsequently heated to 100 °C for 3 h. The resulting hydrolysate was neutralized with BaCO 3 .
High-performance anion exchange chromatography coupled with a pulse amperometric detection (HPAEC-PAD)
The monosaccharides in the polysaccharide hydrolysate were identified using a HPAEC system (DX-500, Dionex Co., CA, USA), fit with a Carbopack PA1 column and a pulsed amperometric detector. The column was eluted with 10 mM NaOH at flow rate of 1 mL/min at 35 °C.
Determination of the sulfate and uronic acid contents
Purified polysaccharide (10 mg) was dissolved in distilled water and hydrochloric acid was added to reach a final concentration of 1.0 M. The mixture was heated at 110 °C for 3 h. The hydrolysate was applied to the HPAEC system (DX-500, Dionex Co., CA, USA) equipped with an A-SC4 column equilibrated with 1.7 mM NAHCO 3 +1.8 mM NaCO 3 . The chromatography was carried out at 35°C at a flow rate of 1.0 cm/min.
Cell culture
U937 cells (JCRB9301) were obtained from the Human Science Research Resources Bank, Tokyo, Japan. The cells were cultured in RPMI1640 medium containing 10% v/v FBS, 100IU/mL penicillin, and 100 µg/mL streptomycin. The cells were plated and incubated at 37 °C in a 5% CO 2 atmosphere [11] .
Anti-proliferative activity assay
The anti-proliferative effect of the fucoidan was measured with the WST-8 method. U937 cells in exponential growth phase were suspended in triplicate in a 96-well microplate at a final concentration of 3×10 5 cells/mL in RPMI1640 medium. The cells were then exposed to various concentrations of fucoidan for 48 h. After cultivation, 10µL of WST-8 solution was added to each well and incubated again at 37 °C for 3 h. The optical density was measured at 620-450 nm in a microplate reader (Model 650, Bio-Rad Laboratories, USA). The anti-proliferative effect was expressed as the percentage of viable cells relative to an untreated control [11] .
Microscopy analysis
U937 cells were plated in a 60 mm dish without or with 100 µg/mL fucoidan and incubated for 30 h. The cells were then imaged using a phase contrast microscope (ECLIPSE TS-100, Nikon, Japan) equipped with a digital camera (COOLPIX 4500, Nikon).
Apoptosis assay
The degree of apoptosis was determined using the APOPercentage Apoptosis assay. centrifugation, and lysed by adding cell lysis solution (0.1M NaOH ). The optical density was measured at 550 nm using a microplate reader [11] .
Caspase-3 assay
The caspase-3 activity was determined using a colorimetric CaspACE assay system following the manufacturer's protocol. U937cells were incubated without or with fucoidan and then Immunoreactive bands were visualized by chemiluminescence [11] .
Statistical analysis
The experiments were carried out in triplicate and data were expressed as the mean ± S.E.M.
Data were analyzed by Student's t test to evaluate the significance of differences with *:p< 0.01 being regarded as statistically significant.
RESULTS
Chemical components of fucoidan
The yield of crude fucoidan was estimated as 8.7% based on the dried weigh of the algae. Table 1 . The fucoidan contained high levels of D-galactose and sulfate in addition to L-fucose residues.
Effect of fucoidan on U937 cell proliferation
U937 cells were cultured in RPM1640 medium with fucoidan (50-300 µg/mL) for 48 h.
Fucoidan inhibited the proliferation of U937 cells in a dose-dependent manner. About 70% of viable U937 cells were reduced when 100µg/mL of fucoidan was added, as shown in Figure 2 .
Microphotographs of U937 cells after treatment with fucoidan (100µg/mL) for 30 h are shown in Figure 3 . Arrows indicate the apoptotic bodies and nuclear condensation (original magnification 300×). The morphological characteristic of cell death, such as cytoplasmic blebbing and segmenting of cell bodies, were observed in U937 cells treated with fucoidan.
Induction of apoptosis by fucoidan
The APOPercentage apoptosis assay is based on the transfer of phosphatidylserine from the inner membrane leaflet to the outer membrane leaflet, which occurs when the cell is undergoing apoptosis. Microphotographs of U937 cells treated with or without fucoidan for 48h and then labelled with APOPercentage dye are shown in Figure 4a and 4b. Arrows indicate the apoptotic bodies and nuclear condensation. Many living cells were observed in the absence of fucoidan (Figure 4a ). However, pink-staining apoptotic bodies were found in fucoidan-treated cells (Fig.4b) .
The pink-staining cell fragments were collected by centrifugation and lysed by adding cell lysis solution (0.1M NaOH). The optical density was measured at 550 nm in a microplate reader.
As shown in Figure 5 , apoptosis was induced after treatment with fucoidan (100µg/mL).
Effect of fucoidan on caspase activity
Caspases plays a central role in the apoptotic response by degrading cellular substances.
Caspase-3 is a member of the cysteine-aspartic acid protease family and is activated in the apoptotic cell both by extrinsic (receptor-mediated) and intrinsic (mitochondria-mediated)
pathways. Caspase-3 exists as an inactive proenzyme that undergoes proteolytic processing at a conserved aspartic acid residue to produce two small subunits that the active enzymes. The two small enzymes cleave and activate caspase-7, and the protein itself is processed the activated by caspase-8, -9 and -10, so it is the predominant caspase in the apoptosis processes [10, 11, 13] . The caspase-3 activity in the fucoidan-treated cells was monitored with a colorimetric assay.
The addition of fucoidan 50 to 100µg/mL increased the caspase-3 activity in the treated cells with dose-dependent manner. However, no apoptosis induction was observed following the addition of a caspase inhibitor (z-VAD-fmk) which is a cell-permeable pan-caspase inhibitor that irreversibly binds to the catalytic site of caspase protease-3, as shown in Figure 6 .
Western blotting analysis
Caspase-3 activation in U937 cells was examined after treatment with fucoidan by Western blotting analysis (Figure 7 ). Fucoidan treatment increased the levels of active 17 and 21 kDa caspase-3 in a dose-dependent manner. Concurrently, the procaspase-3 fraction (32 kDa) was decreased with increases in fucoidan concentration. These results indicated that fucoidan addition induced apoptosis by activation of caspase-3. However, apoptosis was not observed to co-existed in the caspase inhibitor (z-VAD-fmk).
DISCUSSION
Though many studies have been reported on fucoidan from some brown seaweeds which induced apoptosis [10] [11] [12] [13] [14] [15] [16] [17] [18] , there is no investigation from a kelp, Saccharina longissima, which is an important traditional foodstuff for 300 years in Okinawa, Japan. In this study, we found that the fucoidan isolated from the kelp induced apoptosis in U937 human leukemia cells. The results demonstrated that the fucoidan inhibited cell growth and induced apoptosis in U937 cells, which was indicated by decreasing cell proliferation, increasing fragmentations of death cells and increasing the levels of active 17 and 21 kDa caspase-3 in a dose-dependent manner. The U937 cell numbers were reduced by about 70% and pink-stained cell membranes indicated cell debris after apoptosis. Furthermore, the pan-protease inhibitor, z-VAD-fmk, prevented fucoidan-induced apoptosis, suggesting that caspase-dependent apoptotic pathways are involved.
After binding fucoidan on the receptor-sites on U937 cells, caspase-8 is activated. Then the intrinsic pathway is initiated by cleavage of procaspase-3 into an active form, which results in DNA fragmentation of nuclear proteins, crosslinking of proteins, and then formation of apoptotic bodies. In humans, 14 caspases have been identified. The caspase family is classified into initiator caspase such as caspase-8 and -9 and effector one such as caspase-3, -6 and -7. Initiator caspases are activated by two major pathways, one that is a receptor (extrinsic) pathway and another which is a mitochondrial (intrinsic) pathway. In both pathways, initiator caspase activates effector caspase and activated effector caspase progress into further apoptotic process [10, 11, 13, 15] . The fucoidan used in this study [1] substituted with many sulfate groups about 37.7% at C-4 of 1,3-linked α-L-fucopyranosyl residues ( Figure 1 ). As reported previously, the low sulfate content of a fucoidan (13.5%) isolated from commercially cultured Cladosiphon okamuranus demonstrated weak apoptosis in U937 cells, but increased significantly after oversulfation (32.8%) [11] . The results suggest that the sulfate groups in the fucoidan molecules are important factors of apoptotic activity. On the other hand, Aisa et al [10] and Yamashita et al [13] reported that fucoidan induced apoptosis by the activation of caspase-3 and/or caspase -8.
These conclusions suggest that both caspases may also play a dominant role in apoptosis on U937 cells.
One of the authors, MT, has been eating about 15-20 g of boiled Saccharina longissima 10 days per month for 20 years. This eating habits has contributed to the maintenance of strong skin, bones and blood vessels. Indeed, MT looks 10-15 years younger than their actual age and enjoys a healthy life. The kelp, S. longissimi, provides many essential nutrients, in addition to polysaccharides (e.g., fucoidan, alginate and laminaran), including proteins (including amino acids), calcium, magnesium, iron, and iodine [21] . In particular, iodine is essential for proper functioning of the thyroid gland, which is required to make the hormones that regulate metabolism in the human body. However, taking too much iodine can also result in hormonal disorder. Accordingly, MT eats boiled kelp, which provides about 70% iodine removed in separate boiling water pot. This may explain his youthful skin, bones, and blood vessels.
Saccharina longissima is a major traditional food which has been eaten for 300 years in Okinawa, Japan. As for 2009, the Okinawan population had the best health and greatest longevity on the planet. However, present-day Okinawan populations with the greatest longevity are decreasing due to changes in food customs, especially with the decrease in kelp consumption by about 25 percent. Kelp consumption seems to contribute to the health and longevity of human beings, as evidenced by MT's experience. Many kinds of kelps are used as foodstuffs in Eastern Asia (Japan, China, South Korea and Taiwan). However, S. longissima is the only kelp traditionally consumed by the Okinawan population in daily life for 300 years, which has contributed to improving their longevity.
CONCLUSION
The fucoidan from Saccharina longissima inhibited growth and induced apoptosis in U937
human leukemia cells. The effects mediated by activation of caspases. The results and discussion suggest that the kelp containing this fucoidan may contribute to the observed longevity of the Okinawan population.
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